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Drosophila Dalmatian combines sororin and
shugoshin roles in establishment and protection
of cohesion
Takashi Yamada1, Eri Tahara1, Mai Kanke1, Keiko Kuwata2 & Tomoko Nishiyama1,*

Abstract

Sister chromatid cohesion is crucial to ensure chromosome bi-
orientation and equal chromosome segregation. Cohesin removal
via mitotic kinases andWapl has to be prevented in pericentromeric
regions in order to protect cohesion until metaphase, but the mech-
anisms of mitotic cohesion protection remain elusive in Drosophila.
Here, we show that dalmatian (Dmt), an ortholog of the vertebrate
cohesin-associated protein sororin, is required for protection of
mitotic cohesion in flies. Dmt is essential for cohesion establish-
ment during interphase and is enriched on pericentromeric hete-
rochromatin. Dmt is recruited through direct association with
heterochromatin protein-1 (HP1), and this interaction is required
for cohesion. During mitosis, Dmt interdependently recruits protein
phosphatase 2A (PP2A) to pericentromeric regions, and PP2A
binding is required for Dmt to protect cohesion. Intriguingly, Dmt is
sufficient to protect cohesion upon heterologous expression in
human cells. Our findings of a hybrid system, in which Dmt exerts
both sororin-like establishment functions and shugoshin-like
heterochromatin-based protection roles, provide clues to the evolu-
tionary modulation of eukaryotic cohesion regulation systems.
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Introduction

In eukaryotes, sister chromatid cohesion is crucial for equal chromo-

some segregation and precise genome inheritance. Cohesion is medi-

ated by cohesin, a ring-shaped protein complex consisting of four core

subunits, Smc1, Smc3, Scc1/Rad21, and SA/STAG, and is conserved

among eukaryotes (reviewed in Onn et al, 2008; Nasmyth & Haering,

2009). In vertebrates, cohesin is loaded onto chromatin during the

telophase/G1-phase and cohesion is established during DNA replica-

tion in the S/G2-phase, which requires the cohesin-associating protein

sororin and acetylation of the Smc3 subunit by acetyltransferases

Eco1/Esco/Deco. Sororin is recruited to chromatin in a cohesin acety-

lation-dependent manner (reviewed in Peters & Nishiyama, 2012).

Once cohesion is established during S-phase, it is maintained

until metaphase. In vertebrates, cohesin is dissociated from chromo-

some arms during the mitotic prophase via the so-called prophase

pathway without being cleaved by separase (Peters et al, 2008). In

the prophase pathway, wings apart-like (Wapl), a cohesin-

associated protein, and the mitotic kinases cyclin-dependent kinase

1 (Cdk1), polo-like kinase 1 (Plk1), and Aurora B act to dissociate

cohesin (Losada et al, 2002; Sumara et al, 2002; Hauf et al, 2005;

Gandhi et al, 2006; Kueng et al, 2006; Nishiyama et al, 2013). Wapl

dissociates cohesin by antagonizing the function of sororin, whereas

mitotic kinases phosphorylate cohesin and sororin, resulting in

unstable cohesin on chromatin, which is presumably mediated by

opening of the Smc3–Scc1 interface (Nishiyama et al, 2010; Gligoris

et al, 2014; Huis in ‘t Veld et al, 2014). Although the prophase path-

way does not exist in several organisms, including budding yeast,

the function of Wapl to antagonize the establishment of cohesion is

conserved in these organisms (Ben-Shahar et al, 2008; Unal et al,

2008; Rowland et al, 2009; Sutani et al, 2009).

On the other hand, cohesion in the pericentromere region is

protected from the prophase pathway until the metaphase-to-

anaphase transition. A crucial factor for the protection of cohesion

is MEI-S332/shugoshin (Sgo) (Lee et al, 2005; Sakuno & Watanabe,

2009). Sgo recruits protein phosphatase 2A (PP2A) to pericen-

tromeric heterochromatin during mitosis and opposes the phospho-

rylation of cohesin and sororin to prevent the dissociation of

cohesin (Kitajima et al, 2006; Riedel et al, 2006; Tang et al, 2006;

Nishiyama et al, 2013). The protection function of MEI-S332/Sgo is

essential during meiosis in all eukaryotic species that have been

tested to date. However, during mitosis, the essential protection

function of MEI-S332/Sgo has only been reported in vertebrates,

and this function appears to be absent in other organisms such as

fission yeast, budding yeast, nematodes, fruit flies, and plants

(Marston, 2015). In the fruit fly, although the prophase pathway
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exists and MEI-S332/Sgo is present during mitosis, MEI-S332/Sgo is

not essential for the protection of mitotic cohesion (Lee et al, 2004),

and the mechanisms of mitotic protection remain elusive.

Dalmatian (Dmt) is an ortholog of the vertebrate gene sororin in

Drosophila and was originally identified as a recessive lethal gene

required for the development of the peripheral nerve system in fruit

flies (Prokopenko et al, 2000). Our previous study revealed that Dmt

possesses a conserved C-terminal sororin domain (Nishiyama et al,

2010), suggesting that Dmt is an ortholog of vertebrate sororin.

However, Dmt is more than three times larger than vertebrate

sororin, and the precise role of Dmt in cohesion remains unclear.

In the current study, we sought to clarify the mechanisms for the

protection of mitotic cohesion in fruit fly. In Drosophila melanoga-

ster S2 cells, we found that Dmt has a role in the protection of

mitotic cohesion. Dmt is accumulated on heterochromatin in a hete-

rochromatin protein-1 (HP1)-dependent manner and is essential for

the establishment of cohesion. Similar to vertebrate sororin, Dmt

antagonizes the function of Wapl and establishes cohesion. During

mitosis, Dmt is required for centromeric accumulation of Wdb, a

PP2A-B0 subunit, to protect cohesion of the centromere. Our find-

ings reveal that Dmt plays dual roles in the protection of cohesion

during mitosis as well as in the establishment of cohesion during

the S-phase, which is regulated by specific proteins in vertebrates.

Results

Dmt is essential for the establishment of cohesion

Previous studies have shown that vertebrate sororin is essential for

the establishment of cohesion during S-phase (Schmitz et al, 2007;

Nishiyama et al, 2010). We first determined whether Dmt has the

same function as vertebrate sororin. Drosophila S2 cells, either

untransfected or transfected with RNA interference (RNAi)-resistant

Dmt tagged with green-fluorescent protein (GFP) on the C-terminus

(Dmt-GFP), were treated with control or Dmt-specific double-

stranded RNAs (dsRNAs), and mitotic cohesion was evaluated by

DNA fluorescence in situ hybridization (FISH). The FISH probe for

the pericentromere repeat of chromosome X (ChX) detected two dots

in majority of the mitotic cells (~80%) with cohered chromosomes,

as each S2 cell stably has two ChXs, whereas three or four dots were

observed in cells with partially or completely separated chromo-

somes, respectively (Fig 1A). Dmt RNAi resulted in defective cohe-

sion in S2 cells, which was suppressed by the expression of Dmt-GFP,

indicating that Dmt is required for sister chromatid cohesion during

mitosis and that the exogenously expressed Dmt-GFP is functional

(Fig 1A). Dmt RNAi caused chromosome misalignment more

frequently than control RNAi in live imaging (Fig 1B), and the extent

of the cohesion defect in Dmt RNAi cells was similar to the knock-

down of cohesin (Scc1), the cohesin-binding protein Pds5, and the

acetyltransferase Deco (Fig 1C), confirming the previous observation

that Dmt is required for sister chromatid cohesion (Nishiyama et al,

2010). In order to investigate whether Dmt is required for the estab-

lishment of cohesion, we next evaluated cohesion during interphase.

To this end, the distance between sister chromatids was measured by

DNA FISH for chromosome arm region (13J19) in S/G2-phase cells.

The distance between the two arm FISH signals in Dmt-depleted cells

was increased compared with control cells, and the extent was

similar to RNAi disruption of Scc1 and San (another acetyltransferase

required for cohesion) + Deco (Fig 1D and E), indicating that Dmt is

already required for cohesion in S/G2-phase. We verified that all of

the cells analyzed were in the S/G2-phase by identifying a pair of

FISH signals, indicating that the analyzed genomic region had already

replicated. Sororin has been suggested to antagonize the function of

Wapl since sororin is dispensable for cohesion in the absence of Wapl

(Nishiyama et al, 2010). We found that Dmt has the same character-

istic, namely that a cohesion defect in Dmt-depleted cells was

suppressed by depletion of Wapl (Fig 1F and G). In addition, live cell

imaging revealed that Dmt is degraded just after cell division and is

re-accumulates during interphase. This degradation depends on Cdh1

(Fig EV1), a coactivator of anaphase-promoting complex/cyclosome

(APC/C), required for degradation of vertebrate sororin during G1-

phase (Rankin et al, 2005). These observations indicate that Dmt has

the same characteristics as sororin and establishes cohesion in a simi-

lar manner to sororin.

Dmt is localized to pericentromeric heterochromatin

Since previous studies have suggested that Dmt is localized to hete-

rochromatin (Goshima et al, 2007; Kerman & Andrew, 2010), we

next investigated the detailed localization of Dmt in S2 cells. Both in

living cells and fixed cells, Dmt-GFP colocalized with HP1-mCherry,

which is accumulated on heterochromatin (Fig 2A and Appendix Fig

S1A). Immunofluorescence microscopy showed that Dmt colocalizes

with heterochromatin components such as tri-methylated Lys 9 of

histone H3 (H3K9me3), which is surrounded by Mis12, a centromere

marker (Goshima et al, 1999; Schittenhelm et al, 2007), and FISH

signals corresponding to pericentromeric repeats on chromosome 2,

3, and X (Chr2/3/X peri). Dmt did not colocalize with fibrillarin, a

nucleoli protein, indicating that Dmt is localized to pericentromeric

heterochromatin, but not to nucleolar ribosomal DNA (rDNA) hete-

rochromatin (Fig 2A). It is unlikely that Dmt functions in the forma-

tion of heterochromatin because depletion of Dmt did not noticeably

affect the structure of heterochromatin in living cells (Appendix Fig

S1B). Since it has been reported that cohesin is associated with

ectopic heterochromatin in Drosophila neuroblast cells (Oliveira

et al, 2014), we compared the localization of Dmt to the cohesin

complex. As shown in Fig 2B, Dmt associated with the restricted

region on chromatin in S2 cells pre-extracted prior to fixation,

whereas Smc3 was uniformly localized on chromatin. In addition,

Scc1-GFP was uniformly distributed on chromatin in living cells,

whereas Dmt was restricted to heterochromatin (Appendix Figs S1A

and C), suggesting that it is unlikely that heterochromatin accumula-

tion of Dmt is a result of the localization of cohesin per se.

Next, we examined the localization of Dmt during mitosis. Live cell

imaging revealed that Dmt-GFP was partially dissociated from chro-

matin during entry into mitosis (Appendix Fig S1D). Subsequently,

Dmt remained localized to the pericentromere region between two Cid

(Drosophila CENP-A) signals until metaphase (Fig 2C). After the onset

of anaphase, Dmt was transiently dissociated from chromosomes and

was immediately re-associated with chromatin during late anaphase

(Fig 2D). Furthermore, depletion of factors required for cohesion

caused dissociation of Dmt from mitotic chromosomes, suggesting

that mitotic cohesion is required for Dmt localization in mitosis

(Fig EV2). All these mitotic behaviors of Dmt are similar to the behav-

iors of vertebrate sororin (Nishiyama et al, 2010).
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HP1 is required for Dmt localization on
interphase heterochromatin

Because vertebrate sororin associates with chromatin in a cohesin-

dependent manner and cohesin/cohesion is required for Dmt

localization in mitosis (Fig EV2), we tested whether Dmt associates

with chromatin in the same manner as sororin. When the cohesin

subunit Scc1 was depleted by RNAi in Dmt-GFP cells, both the local-

ization and the amount of Dmt-GFP on interphase heterochromatin

remained unchanged, whereas the amount of Smc3-mCherry on
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Figure 1. Dmt is essential for sister chromatid cohesion.

A S2 cells untransfected or transfected with RNA interference (RNAi)-resistant Dmt were treated with control or Dmt-specific double-stranded RNAs (dsRNA), and
cohesion was examined by fluorescence in situ hybridization (FISH) with a probe specific for the pericentromere region of chromosome X (ChX). Mitotic
chromosomes were identified by immunofluorescent staining against phospho-H3 Ser10 (pH3), and the number of FISH signals was counted. Scale bar: 5 lm
(n = 3, ≥ 20 cells per condition, mean � SEM).

B Control (cont.) or Dmt RNAi cells were treated with MG132 and mitotic cells exhibiting normal chromosome alignment or scattered chromosomes were counted
(50 cells per condition). Spindle microtubules and DNA were visualized by SiR-tubulin and Hoechst 33342, respectively. Scale bar: 5 lm.

C Mitotic cohesion was analyzed by FISH in control, Dmt, Pds5, Deco, or Scc1 RNAi-treated cells, as in (A) (n = 3, ≥ 20 cells per condition, mean � SEM).
D, E Distances between paired FISH signals in control-, Dmt-, Scc1-, and San/Deco-depleted interphase cells. The cells were subjected to FISH with a 13J19 probe

specific for the chr3R region 92E–92F (D), and the distances between paired FISH signals were measured (E). Red bars denote the median, lower, and upper quartile
values (30 cells per condition; ***P < 0.0005, ****P < 0.0001, two-tailed Mann–Whitney U-test). Scale bar: 5 lm.

F Distances between paired FISH signals in control, Dmt, Wapl, or Dmt + Wapl RNAi-treated cells. The cells were subjected to FISH with a 13J19 probe, and the
distances between paired FISH signals were measured. Red bars denote the median, lower, and upper quartile values (30 cells per condition; *P < 0.05,
***P < 0.001, n.s. (not significant) indicates P > 0.05; two-tailed Mann–Whitney U-test).

G Cells were treated with the indicated dsRNAs, and the depletion in (F) was confirmed by immunoblotting.
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chromatin was significantly diminished in the Scc1-depleted cells,

confirming that depletion of Scc1 decreased chromatin-associated

cohesin, but not Dmt (Fig 3A and B). We also tested the effects of

disruption of expression of the cohesin-binding protein Pds5 and the

acetyltransferases San and Deco, since depletion of these factors

results in the dissociation of sororin from chromatin in vertebrates

(Lafont et al, 2010; Nishiyama et al, 2010; Carretero et al, 2013;

Minamino et al, 2015). However, depletion of these proteins did not

decrease the amount of Dmt on interphase chromatin

(Appendix Figs S2A and B), indicating that Dmt associates with

chromatin in a cohesin-independent manner.

Since Dmt was found to localize to heterochromatin, we next

tested whether HP1 is required for this localization. When HP1a and

HP1b were simultaneously depleted, accumulation of Dmt-GFP on

interphase heterochromatin was significantly decreased compared

with control (Fig 3C and D, and Appendix Fig S2C). In mitosis,

separated chromosomes were relatively frequently observed in

HP1a/b-depleted cells (Appendix Fig S2D), and Dmt was dissociated

from the pericentromere in such separated chromosomes (Fig 3E

“separated”), consistent with the disappearance of Dmt in anaphase

(Fig 2D) and in cohesin-depleted cells (Fig EV2). However, even in

the majority of cohered chromosomes in HP1a/b-depleted cells,
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Figure 2. Dmt is localized to pericentromeric heterochromatin.

A Dmt-GFP cells or cells co-expressing HP1a-mCherry or Mis12-mCherry were fixed and immunostained with anti-GFP, anti-trimethylated H3K9 (H3K9me3), anti-
mCherry, or anti-fibrillarin antibodies. For FISH, probes against the pericentromeric region of chromosomes 2, 3, and X were mixed and costained with an anti-GFP
antibody. Scale bars: 10 lm.

B Cells expressing Dmt-GFP and Smc3-mCherry were fixed and immunostained with anti-GFP and anti-mCherry antibodies. DNA was counterstained with DAPI. Scale
bar: 10 lm.

C Cells expressing Cid-GFP and Dmt-mCherry were spun onto slide glasses after hypotonic treatment and immunostained with anti-GFP and anti-mCherry antibodies.
DNA was counterstained with DAPI. Magnified images of a chromosome are shown on the right. Scale bar: 2 lm.

D Untransfected cells were pre-extracted prior to fixation and stained with an anti-Dmt antibody. DNA was counterstained with DAPI. In metaphase and anaphase
cells, the minimum distance between two chromosome masses (D) was measured. The cells showing centromere accumulation of Dmt were classified as Dmt-
positive (+) cells. (n = 3, ≥ 53 cells per experiment, mean � SEM). Scale bar: 5 lm.
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Figure 3. Dmt is localized on heterochromatin in an HP1-dependent manner.

A Cells expressing Dmt-GFP and Scc1-mCherry were subjected to control, Dmt, or Scc1 RNAi. The cells were pre-extracted prior to fixation and immunostained with
anti-GFP and anti-mCherry antibodies. DNA was counterstained with DAPI. Scale bar: 10 lm.

B Cells expressing Dmt-GFP and Smc3-mCherry were subjected to control or Scc1 RNAi. The cells were pre-extracted prior to fixation and immunostained with anti-
GFP and anti-mCherry antibodies. DNA was counterstained with DAPI. GFP and mCherry intensities were normalized to DAPI intensity, and the results from control
cells were normalized to 1 (≥ 56 cells per condition, mean � SEM).

C Dmt-GFP cells were subjected to control or HP1a + HP1b RNAi. The cells were pre-extracted prior to fixation, and DNA was counterstained with DAPI. Scale bar:
5 lm.

D Heterochromatin (HC) accumulation index in (C). Dmt-GFP intensities in three heterochromatic regions (magenta circles) and three euchromatic regions (cyan circles)
were averaged, and the ratios of each average (heterochromatin/euchromatin) are shown as HC accumulation index. Red bars denote the median, lower, and upper
quartile values (n ≥ 73, ***P < 0.0001; two-tailed Mann–Whitney U-test).

E S2 cells were subjected to control or HP1a + HP1b RNAi. The cells were spun onto slide glasses after hypotonic treatment and immunostained with anti-Dmt
antibodies. DNA was counterstained with DAPI. Scale bar: 5 lm.

F Quantification of mitotic Dmt signals in (E). Magnified image of a cohered chromosome in control RNAi-treated cells in (E) is shown on the left. Lengths and
intensities of Dmt signals of three “cohered” chromosomes in each cell in ≥ 20 cells (control RNAi) or ≥ 40 cells (HP1 RNAi) were measured. Note that all separated
chromatids were excluded in this quantification because Dmt signals were hardly detected on separated chromosomes.

G Sequence alignment of heterochromatin-binding domain in Dmt from Drosophila melanogaster, D. simulans, D. yakuba, and D. ananassae. Conserved valine and
isoleucine are marked by red dots.

H Yeast two-hybrid assay with HP1a and Dmt 86-116 fragment. Simian virus 40 (SV40) T antigen and p53 were used as a positive control.
I Dmt 86-116-C320-GFP or Dmt 86-116VEIE-C320-GFP was transiently expressed in S2 cells, the cells were fixed, and DNA was stained with DAPI. Scale bar: 5 lm.
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pericentromeric Dmt signals were reduced but had not completely

disappeared (Fig 3E “cohered” in HP1a/b RNAi and Fig 3F). The

residual Dmt might be sufficient to sustain cohesion in HP1a/b

RNAi-treated cells (Appendix Fig S2D). We confirmed that the

expression level of Dmt was not significantly altered by HP1a/b

RNAi (Appendix Fig S2E). There are two possibilities for this failure

in Dmt pericentromere accumulation in mitosis: (i) Reduction of

Dmt results from a failure already in interphase localization to hete-

rochromatin; or (ii) HP1 is required to sustain Dmt accumulation on

mitotic pericentromeres. Although we cannot distinguish between

these possibilities so far, we concluded that HP1 is required for the

efficient accumulation of Dmt at least on interphase heterochro-

matin, and the HP1-dependent interphase localization of Dmt is

converted to cohesin-dependent localization in mitosis (Figs 2D and

EV5).

To identify the amino acid sequence required for Dmt to localize

to heterochromatin, truncated versions of Dmt were expressed in S2

cells and their interphase localizations were observed (Appendix Fig

S2F). We found that the C-terminus of Dmt (Dmt-C320) did not

associate with chromatin in pre-extracted cells (Appendix Fig S2F).

On the other hand, the Dmt N-terminus (Dmt-N116-GFP) was local-

ized to heterochromatin, even after pre-extraction. Consistently,

when the N-terminus was deleted, the resulting Dmt-DN116-GFP
was unable to localize to heterochromatin, and uniformly distrib-

uted on chromatin (Appendix Fig S2F), suggesting that Dmt local-

izes to heterochromatin via its N-terminus 1-116.

To investigate the mechanism of heterochromatin localization of

Dmt in detail, we focused on the amino acid sequence of the first

116 residues (N116), a region unique to Drosophila. In the N116

residues, there is a conserved amino acids sequence including

C102VVKIR107, which resembles the chromo shadow domain (CSD)-

binding consensus sequence (Smothers & Henikoff, 2000; Fig 3G).

Therefore, we hypothesized that the CVVKIR domain directly associ-

ated with CSD on HP1, and we tested the direct interaction by yeast

two-hybrid analysis. As shown in Fig 3H, the Dmt-86-116 fragment

including the C102VVKIR107 motif was directly associated with HP1a,

whereas its VEIE mutant, in which V104 and I106 were each

mutated to glutamic acid, failed to interact with HP1a. When the 86-

116 fragment was fused to the 320 C-terminal residues (C320), the

resulting Dmt-86-116-C320 was consistently associated with hete-

rochromatin, similar to full-length Dmt (Fig 3I and Appendix Fig

S2G), whereas 86-116VEIE-C320 failed to accumulate on heterochro-

matin (Fig 3I). Moreover, mass spectrometry analysis showed that

HP1 and cohesin-related proteins were equally abundant in Dmt-

binding proteins (Appendix Table S2). These results indicate that

Dmt accumulates on heterochromatin by direct association with

HP1 during interphase.

The association of Dmt with heterochromatin is required for
mitotic cohesion

Next, to examine whether the association of Dmt with heterochro-

matin is required for sister chromatid cohesion, we tested cohesion

activity of HP1-unbound mutants of Dmt in which the CVVKIR motif

was mutated (VEIE). When DmtVEIE-GFP was exogenously

expressed in S2 cells, it showed unexpectedly normal localization

on pericentromeres in mitosis (Appendix Fig S3A). This could be

because (i) DmtVEIE could still associate with pericentromeric

heterochromatin through other regions of Dmt, or because (ii)

endogenous Dmt directly or indirectly formed dimers/multimers

with DmtVEIE-GFP. The latter possibility was supported by immuno-

precipitation experiment showing that Dmt could form dimer/

multimer (Appendix Fig S3B), although we could not rule out the

former possibility. To test the cohesion activity of DmtVEIE, endoge-

nous Dmt was depleted in S2 cells stably expressing RNAi-resistant

full-length wild-type (WT)- or VEIE-Dmt, and the cohesion activity

was analyzed by mitotic FISH. Mitotic cohesion was restored by the

WT expression to the similar extent as control RNAi, whereas

DmtVEIE showed diminished cohesion activity compared with WT

(Fig 4A and B). Thus, even if DmtVEIE could associate with hete-

rochromatin, the weakened ability to bind to HP1 could not fully

support mitotic cohesion.

We further sought to determine whether HP1 binding of Dmt is

required for the establishment of cohesion by performing FISH in

the rescue experiment. Dmt-WT fully restored cohesion in inter-

phase, whereas Dmt-D6 (deletion mutant of CVVKIR motif) also

restored interphase cohesion to the same extent to WT (Fig 4C).

Given that DmtVEIE has reduced cohesion activity in mitosis, the

ability of Dmt to associate with heterochromatin has an important

role in mitosis.

The Dmt–cohesin interaction is required for stable binding of
Dmt to heterochromatin

Although our results indicate that the localization of Dmt does not

depend on cohesin in interphase, Dmt-dependent cohesion requires

cohesin because over-cohesion of mitotic chromosomes caused by

overexpression of Dmt was reverted by depletion of Scc1, Pds5, or

Deco (Fig 5A). Therefore, we next sought to clarify the functional

relationship between Dmt and cohesin. We first confirmed that

Dmt is associated with cohesin by Dmt-GFP pulldown experiments

using GFP nanobody (Fig 5B). The interaction was remarkably

diminished by Pds5 or Deco depletion (Fig 5B and Appendix Fig

S4A), indicating that the interaction is mediated by Pds5 and

cohesin acetylation, consistent with the previous observation in

vertebrate sororin (Lafont et al, 2010; Nishiyama et al, 2010;

Minamino et al, 2015). Therefore, we identified the responsible

domain (Dmt residues 726–750; cohesin-Pds5-binding domain,

CPB) for Pds5 binding (Appendix Figs S4B and C), produced a

Pds5-unbound mutant without this domain (Dmt-DCPB), which is

unable to bind to cohesin as well as Dmt (Fig 5C and Appendix Fig

S4D), and tested for the cohesion activity. When endogenous Dmt

was replaced with GFP-tagged Dmt-WT or Dmt-DCPB, Dmt-WT

restored mitotic cohesion, whereas Dmt-DCPB showed only mild

restoration of cohesion (Fig 5D and Appendix Fig S4E), indicating

that the interaction between Dmt and Pds5 is required for cohesion

activity.

We next compared the stability of Dmt on interphase chro-

matin in the presence or absence of cohesin. To exclude the effect

of HP1-dependent binding of Dmt to chromatin, we utilized Dmt-

DΝ116 because Dmt-DN116, which lacks the HP1-binding domain,

fails to associate with heterochromatin but it is still bound to

chromatin (Appendix Fig S2F). The amount of Dmt-DN116-GFP
on chromatin was significantly reduced by depletion of Scc1 or

Pds5, indicating that Dmt-DN116 associates with chromatin in a

cohesin (Pds5)-dependent manner (Fig 5E). We next tested the
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Dmt dynamics on chromatin in S/G2 cells by the fluorescence

recovery after photobleaching (FRAP) experiment. We could

analyze Dmt-GFP dynamics only in the S/G2-phase because Dmt-

GFP, as well as Dmt-DN116-GFP, is absent in G1-phase

(Fig EV1C). Dmt-WT-GFP became more dynamic on chromatin

when Scc1 was depleted (Fig 5F–H) and situation is similar in

Dmt-DN116-GFP (Fig EV3). Thus, Dmt mediates sister chromatid

cohesion through its cohesin-dependent stable binding to chro-

matin in interphase.

Dmt recruits PP2A to pericentromeric heterochromatin
during mitosis

To understand the biological significance of heterochromatin local-

ization of Dmt, we examined Dmt-binding proteins. Through mass

spectrometry analysis for Dmt-binding proteins, we detected sub-

units of protein phosphatase 1 (PP1) and PP2A (Appendix Table S2).

PP2A consists of a scaffold A subunit, a catalytic C subunit, and a

regulatory B subunit. B subunits are classified into four families: B

(B55/PR55), B0 (B56/PR61), B″ (PR72/130), and B‴ (PR93/110)

(Shi, 2009). Both A (Pp2A-29B) and C subunits (microtubule star/

mts) were detected in the immunoprecipitate of Dmt, whereas only

B0-types (B0 and widerborst/wdb) were detected among B subunits

(Fig 6A). Immunofluorescence microscopy showed that Dmt

partially colocalized with Wdb on mitotic centromeres (Fig 6B),

whereas 87B (C subunit of PP1) initially colocalized with Dmt in

early mitosis but exhibited separated localization later in metaphase

(Appendix Fig S5A). A previous study reported that depletion of

PP2A-B0 resulted in mitotic defects including chromosome missegre-

gation (Chen et al, 2007). Indeed, depletion of PP2A-B0 subunits

resulted in at least mild cohesion defects during mitosis

(Appendix Fig S5B), indicating that PP2A-B0 is required for mitotic

cohesion.

We next tested the interdependency between the localization of

Dmt and PP2A-B0. Wdb-GFP was transiently expressed in S2 cells

and examined its localization with Dmt depletion. Punctate Wdb-

GFP signals were observed on the centromere in ~50% of the

control RNAi mitotic cells, reflecting the transfection efficiency,

while Wdb-GFP was undetectable in more than 90% of the Dmt

RNAi-treated cells (Fig 6C), indicating that Dmt is required for local-

ization of Wdb. Because Scc1 RNAi also abolished the localization

of Wdb, we assumed that cohesion was required for Wdb localiza-

tion. To test this possibility, we depleted Dmt together with Wapl to

maintain cohesion itself (Gandhi et al, 2006; Kueng et al, 2006;

Nishiyama et al, 2010) and measured Wdb intensities only in

cohered mitotic chromosomes. In Dmt and Wapl double RNAi-

treated cells, the accumulation of Wdb-GFP in the centromere was

significantly diminished compared with control RNAi- or Wapl

RNAi-treated cells (Appendix Figs S5C–E). Although it remains

unclear if Dmt itself is a direct platform for Wdb recruitment, Dmt

could at least facilitate the Wdb accumulation on mitotic centro-

mere. On the other hand, when cells were treated with dsRNA

against Wdb and B0, the level of Dmt on the pericentromere was

slightly decreased although there was considerable variation among

the fluorescence intensities (Fig 6D and E). This variation might be

caused by partial knockdown of Wdb and B0 in S2 cells. Although it

remains unknown if sister separation is result from Dmt dissociation

or, oppositely, mild separation causes Dmt dissociation in Wdb + B0

RNAi-treated cells, we speculate that PP2A facilitates Dmt pericen-

tromere localization either because (i) PP2A decreases phosphoryla-

tion level of Dmt in mitosis, which could be important for stable

chromatin- or cohesin-binding to Dmt as in the case of sororin

(Nishiyama et al, 2013), or (ii) pericentromere structure is some-

how ensured by PP2A. From these results, we concluded that Dmt

and PP2A-B0 were localized on mitotic centromeres interdepen-

dently.
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Figure 4. Heterochromatin binding of Dmt facilitates cohesion.

A Untransfected cells, Dmt (wild-type (WT))-, or Dmt (VEIE)-GFP-expressing cells were subjected to control or Dmt RNAi, and their mitotic cohesions were examined by
ChX FISH as in Fig 1A (n = 3, ≥ 20 cells per condition, mean � SEM).

B Whole cell extracts from the cells treated as in (A) were analyzed by immunoblotting.
C Distances between paired FISH signals in control- or Dmt-depleted interphase cells expressing Dmt-WT- or Dmt-D6-GFP. Red bars denote the median, lower, and

upper quartile values (30 cells per condition; **P < 0.007, n.s. (not significant) indicates P > 0.5; two-tailed Mann–Whitney U-test).
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Figure 5. Dmt-Pds5 interaction is required for cohesion.

A Untransfected or Dmt-GFP-overexpressing cells were subjected to control, Scc1, Pds5, or Deco RNAi, and their mitotic cohesions were examined by chromosome
spreads (≥ 42 cells per condition). When at least one chromosome was separated, the cells were categorized as “separated”. Note that “over-cohesion” phenotypes
were not observed in Scc1, Pds5, or Deco RNAi-treated cells even when Dmt was overexpressed.

B Whole cell extracts from untransfected cells or Dmt-GFP cells treated with control or Pds5 dsRNA were subjected to GFP-nanobody pulldown assay. The whole cell
extracts (input) and pulldown fractions were immunoblotted with the indicated antibodies. Dmt-GFP was detected with an anti-GFP antibody.

C Whole cell extracts from Pds5-mCherry cells co-expressing Dmt-WT or Dmt-DCPB were subjected to GFP-nanobody pulldown assay. Immunoblotting was performed
as in (B). Asterisks indicate nonspecific signals.

D Untransfected, Dmt-WT-, or Dmt-DCPB-GFP-expressing cells were subjected to control or Dmt RNAi, and their mitotic cohesions were examined by ChX FISH (n = 3,
≥ 20 cells per condition, mean � SEM).

E Untransfected S2 cells or cells expressing Dmt-DN116-GFP were subjected to control, Scc1, or Pds5 RNAi. The cells were pre-extracted prior to fixation, and DNA was
counterstained with DAPI. GFP intensities were measured and normalized to DAPI intensity (≥ 36 cells per condition, mean � SEM, ****P < 0.0001; two-tailed
Mann–Whitney U-test).

F Quantification of FRAP analysis. The normalized fluorescence intensity is depicted. Lines illustrate the fitted curve using a two-phase association function (n ≥ 16,
mean � SEM).

G Fitted curves in (F) were used to calculate the residence time of the chromatin-bound Dmt. See Appendix Supplementary Methods for detail.
H Still images of FRAP experiments in (F, G) with control- or Scc1-depleted Dmt-GFP cells. Approximately half of the area of the nuclei outlined by rectangles was

photobleached. Scale bar: 1 lm.
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To investigate the importance of the interaction between Dmt

and PP2A-B0, we next identified the Wdb-binding region on Dmt

(residues 275–299: phosphatase-binding region, PPB (Appendix Fig

S5F). Dmt-WT was associated with Wdb, whereas the amount of

Wdb bound to Dmt-DPPB was significantly reduced (Fig 6F). When

endogenous Dmt was replaced with Dmt-DPPB, Dmt-DPPB restored

mitotic cohesion only partially (Fig 6G and Appendix Fig S5G),

indicating that PPB is required for cohesion in mitosis. However,

exogenously expressed Dmt-DPPB was localized to the pericen-

tromeres in S2 cells (Appendix Fig S5H). This could be because (i)

Wdb-Dmt interaction through PPB is not essential for Dmt pericen-

tromere localization, or because (ii) we could not properly evaluate

the DPPB localization in the presence of endogenous Dmt because

DPPB may form dimers/multimers with endogenous Dmt as

discussed above. On the other hand, when cohesion activity was

evaluated in interphase by FISH, Dmt-DPPB restored cohesion to the

same extent as Dmt-WT (Fig 6H). From these results, we reasoned

that interaction between Dmt and PP2A-B0 is required for cohesion

during mitosis but not for the establishment of cohesion in inter-

phase.

Dmt has cohesion protection activity in human cells

Previous studies in yeast and vertebrates revealed that the Sgo

protein associates the B0-type of PP2A (PP2A-B0) to the pericen-

tromere and protects cohesion by antagonizing phosphorylation of

cohesin or sororin (Kitajima et al, 2006; Riedel et al, 2006;

Nishiyama et al, 2013). However, in the case of fruit flies, MEI-S332

(Drosophila Sgo) plays little, if any, role in the protection of cohe-

sion during mitosis, although it is present on mitotic chromosomes

(Moore et al, 1998; Tang et al, 1998; Lee et al, 2005; Fig EV4) and

is associated with Wdb (Chen et al, 2007). Considering the similari-

ties between Dmt and Sgo, namely (i) their HP1-dependent hete-

rochromatin localization in interphase, (ii) their association with

PP2A-B0, and (iii) their requirement for cohesion during mitosis, we

hypothesized that Dmt might function in the protection of mitotic

cohesion, which is performed by Sgo in vertebrates. To test this

possibility, we performed a rescue experiment in human somatic

cells. EGFP-tagged Dmt, human sororin, and RNAi-resistant human

WT Sgo1 were expressed in human epithelium RPE-1 cells and

endogenous Sgo1 was depleted by RNAi. To test the localization of

these exogenous EGFP-tagged proteins, cells were extracted prior to

fixation and chromatin-bound proteins were observed. In S/G2-

phase, Dmt and Sgo1 accumulated on pericentromeric heterochro-

matin, which colocalized with centromeres labeled with CREST

serum, whereas sororin was uniformly detected on chromatin

(Fig 7A and B), consistent with the previously reported localization

of Sgo1 and sororin (Kiburz et al, 2005; Yamagishi et al, 2008;

Nishiyama et al, 2010; Perera & Taylor, 2010; Kang et al, 2011). In

these cells, mitotic cohesion was examined by chromosome spread.

Sgo1 RNAi resulted in a severe cohesion defect during mitosis,

which was rescued by expression of RNAi-resistant Sgo1 (Fig 7C

and D). Sororin could not restore the cohesion in Sgo1-depleted cells

(Fig 7C), in accordance with the previous observations that WT

human sororin could not bypass the requirement of Sgo1 (Liu et al,

2013; Nishiyama et al, 2013). Interestingly, Dmt restored the cohe-

sion to a similar extent as Sgo1 rescue (Fig 7C). Both Dmt-DPPB
and Dmt-DCPB failed to fully restore mitotic cohesion in RPE-1 cells

(Fig 7E and F). Thus, Drosophila Dmt has cohesion protection activ-

ity, which can substitute for Sgo1 function in human cells. Because

Bub1-dependent phosphorylation of H2A is required for Sgo1 target-

ing to the centromere (Tang et al, 2004; Kitajima et al, 2005;

Kawashima et al, 2010; Liu et al, 2015), we tested whether Bub1 is

required for Dmt localization in S2 cells. Bub1 RNAi caused preco-

cious sister separation and enrichment of anaphase, and Dmt was

hardly detected in those separated chromosomes, but otherwise

cohered chromosomes exhibited normal Dmt localization

(Appendix Fig S6A). In addition, Bub1 was not required for inter-

phase localization of Dmt on heterochromatin (Appendix Fig S6B).

Although we could not rule out the possibility that Bub1 depletion

caused sister separation because Dmt was mislocalized, Dmt local-

ization machinery in mitosis may be different from Sgo1. Further

investigation is needed to clarify this point.

If Dmt functions in cohesion protection, the question of what

makes is different from MEI-S332, which does not appear to func-

tion in cohesion protection (Fig EV4A), arises. To answer this

question, we compared the mitotic localization of Dmt and MEI-

S332 in detail in S2 cells. Antibodies against endogenous MEI-S332

▸Figure 6. Dmt-PP2A-B0 interaction is required for mitotic cohesion, but not for the establishment of cohesion.

A Whole cell extracts from untransfected S2 cells or cells expressing Dmt-GFP and indicated mCherry-tagged PP2A subunits were subjected to GFP-nanobody pulldown
assay. Whole cell extracts (input) and pulldown fractions were immunoblotted with anti-GFP (Dmt-GFP) or anti-mCherry antibodies (for each PPase subunit).
Asterisks indicate nonspecific signals.

B Cells expressing Wdb (PP2A-B0)-GFP were spun onto slide glasses after hypotonic treatment and immunostained with anti-GFP and anti-Dmt antibodies. DNA was
counterstained with DAPI. Magnified images of a chromosome are shown on the right. Scale bar: 5 lm.

C Wdb-GFP-transfected cells were treated with control or Dmt dsRNA, the cells were spun onto slide glasses after hypotonic treatment, and immunostained with an
anti-GFP antibody. DNA was counterstained with DAPI. Scale bar: 5 lm. In each condition, cells were categorized into Wdb-GFP (+) or Wdb-GFP (�) (n = 40 cells per
condition). The percentages of cells exhibiting complete sister separation are shown below.

D S2 cells were treated with control or Wdb + B0 dsRNAs, and the cells were spun onto slide glasses after hypotonic treatment and immunostained with anti-Dmt
antibody. DNA was counterstained with DAPI. Scale bar: 5 lm.

E Dmt intensities were measured only in cohered chromosomes in the cells treated as in (D). Red bars denote the median, lower, and upper quartile values (≥ 14 cells
per condition; ***P < 0.001; two-tailed Mann–Whitney U-test).

F Whole cell extracts from Wdb-mCherry and either vector(�)-, Dmt-WT-GFP-, or Dmt-DPPB-GFP-expressing cells were subjected to GFP-nanobody pulldown assay.
Whole cell extracts (input) and pulldown fractions were immunoblotted with anti-GFP (Dmt-GFP) and anti-mCherry (Wdb-mCh) antibodies.

G Untransfected, Dmt-wild-type (WT)-, or Dmt-DPPB-GFP-expressing cells were subjected to control or Dmt RNAi and their mitotic cohesions were examined by ChX
FISH (n = 3, ≥ 20 cells per condition, mean � SEM).

H Distances between paired FISH signals in control- or Dmt-depleted cells expressing Dmt-WT- or Dmt-DPPB-GFP cells in interphase. Red bars denote the median,
lower, and upper quartile values (≥ 30 cells per condition; **P < 0.01, ***P < 0.001, n.s. (not significant) indicates P > 0.05; one-way ANOVA with Tukey’s multiple
comparisons test).
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(Tang et al, 1998) detected MEI-S332 as a pair of separated signals

on metaphase chromosomes, whereas Dmt was localized between

the two MEI-S332 signals (Fig EV4B). During early mitosis, prome-

taphase, MEI-S332 appeared to be colocalized with Dmt (Fig EV4B

“prometaphase”). However, during late prometaphase or meta-

phase, the MEI-S332 signals separated, and Dmt was remained

located between the MEI-S332 signals (Fig EV4B “metaphase”).

This result further supports the idea that Dmt rather than MEI-

S332 protects mitotic cohesion in the pericentromere. We next

tested the possibility that MEI-S332 has a similar function to verte-

brate Sgo2, which plays a role in mitotic chromosome bi-

orientation through association with mitotic centromere-associated

kinetin (MCAK), a microtubule-depolymerizing kinesin (Huang

et al, 2007; Tanno et al, 2010). However, both spindle formation

and times required for chromosome alignment were apparently

normal in MEI-S332-depleted cells (Fig EV4C and D). Thus, the

function of MEI-S332 is not as prominent as the role of Sgo2 is in

vertebrate species.

Discussion

In this study, we found that in the fruit fly, Dmt fulfills essential

roles in both the establishment of interphase cohesion and the

protection of mitotic cohesion. This dual activity is based on the

unique abilities of Dmt to (i) associate with cohesin via Pds5, (ii)

localize to pericentromeric heterochromatin in an HP1-dependent

manner, and (iii) associate with PP2A-B0.
How does Dmt achieve these temporally distinct roles during the

cell cycle? The simplest hypothesis is that Dmt establishes cohesion

only on pericentromeric heterochromatin and protects the cohesion

during mitosis. Indeed, pericentromere-specific cohesion has been

suggested in previous studies. For instance, an acetyltransferase,

Esco2, is localized to pericentromeric heterochromatin in mouse

embryonic fibroblast cells and is a prerequisite for pericentromere

cohesion, although neither cohesin nor sororin is enriched on hete-

rochromatin (Whelan et al, 2012). In addition, histone methyltrans-

ferase Suv4-20 h2 recruits cohesin to major satellite repeats in

mouse embryonic stem cells (Hahn et al, 2013). Similar to mouse

embryonic cells, S2 cells exhibit evident heterochromatin formation

because > 30% of the Drosophila genome is heterochromatic

(Hoskins et al, 2002). The importance of heterochromatin cohesion

would be much greater in fruit flies than in other organisms with

less heterochromatin. Accordingly, it is possible that the heterochro-

matin localization of Dmt is a result of the accumulation of cohesin

on heterochromatin. Indeed, a previous study reported that cohesin

localized on ectopic heterochromatin in Drosophila neuroblast cells

(Oliveira et al, 2014), and it might be the case in S2 cells. However,

at least in our system, cohesin is not accumulated on heterochro-

matin (Appendix Fig S1C). Although we do not know the reason for

the different cohesin localization between S2 cells and neuroblast

cells, we presume that this is due to different cell types. Since S2

cells are undifferentiated embryonic cells, whereas larval neuroblast

cells are more differentiated tissue-specific cells, the cohesion

system may be differently regulated in different developmental

stages. One intriguing possibility is that Dmt itself or other

heterochromatin factors facilitate the accumulation of cohesin to

heterochromatin in neuroblast cells and, as a result, heterochro-

matin-based cohesion establishment and the protection are achieved

as in embryonic S2 cells. In S2 cells, the depletion of cohesin does

not affect the interphase heterochromatin localization of Dmt

(Fig 3A). Therefore, Dmt is accumulated on heterochromatin mainly

depending on HP1 rather than on cohesin in interphase. Interest-

ingly, however, cohesin may support the interphase heterochro-

matin localization of Dmt because the Dmt C-terminus (Dmt-C320),

including the CPB domain, significantly facilitated heterochromatin

localization when the N-terminus heterochromatin-binding domain

(86–116) was fused to it, while Dmt-C320 alone did not accumulate

on heterochromatin at all (Appendix Fig S2G). Thus, currently

unknown mechanisms may mediate cohesin-dependent heterochro-

matin-specific cohesion establishment by Dmt.

An alternative possibility is that Dmt establishes cohesion over

the entire chromatin including the euchromatic region, but

protects cohesion only in the pericentromeric heterochromatin

during mitosis. Several lines of evidence support this possibility.

For instance, our FISH experiments showed that the euchromatic

region is cohered in a Dmt-dependent manner (Figs 1E and F, 4C,

and 6H). Moreover, Dmt-GFP was detected in euchromatin in

chromatin immunoprecipitation-sequencing (ChIP-seq) analysis,

where several Dmt-GFP enrichment peaks were detected in

H3K9me3-poor regions (Appendix Fig S7), indicating that Dmt

could also establish cohesion in euchromatin. Our study also

revealed that Dmt has the same characteristics as vertebrate

sororin (Rankin et al, 2005; Schmitz et al, 2007; Nishiyama et al,

▸Figure 7. Dmt restores mitotic cohesion in Sgo1-depleted human cells.

A RPE-1 cells transiently expressing RNAi-resistant Sgo1-GFP, sororin-GFP (Sor-GFP), or Dmt-GFP were treated with Sgo1 siRNA. The cells were fixed and
immunostained with an anti-GFP antibody and CREST serum as a centromere marker. DNA was counterstained with DAPI. Higher-magnification images are shown in
the inserts. Scale bar: 10 lm.

B Centromere accumulation index of Sgo1, sororin, or Dmt in interphase RPE-1 cells. GFP signals in (A) on centromeres (CREST-positive area) or adjacent CREST-
negative areas were measured and their ratio (centromere/adjacent area) is shown as the centromere accumulation index. As a positive control, the signal ratio of
CREST itself is shown. Red bars denote the median, lower, and upper quartile values (n = 70 per condition; ****P < 0.0001; two-tailed Mann–Whitney U-test).

C Cells treated as in (A) were subjected to nocodazole for 3 h to enrich mitotic cells. After mitotic shake-off, the mitotic cells were examined by chromosome spreads.
Centromere distances of three or four chromosomes in each cell (≥ 20 cells per condition) were measured. In completely separated chromosomes where centromere
distances could not be determined, the distances are plotted at the top of the graph (“completely separated”). Red bars denote the median, lower, and upper quartile
values (n ≥ 66 per condition; ****P < 0.0001, n.s. (not significant) indicates P > 0.1; two-tailed Mann–Whitney U-test).

D Whole cell extracts from the cells treated as in (A) were analyzed by immunoblotting. Pds5 and histone H3 are shown as loading controls.
E Untreated RPE-1 cells or cells transiently expressing Dmt-WT-, DPPB-, or DCPB-GFP were treated with Sgo1 siRNA. Centromere distances of mitotic chromosomes

were measured as in (C). Red bars denote the median, lower, and upper quartile values (n ≥ 62 per condition; ****P < 0.0001, ***P < 0.001; two-tailed Mann–
Whitney U-test).

F Whole cell extracts from the cells treated as in (E) were analyzed by immunoblotting. Histone H3 is shown as a loading control.
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2010): (i) Dmt is essential for cohesion establishment, (ii) Dmt is

degraded in an APC/CCdh1-dependent manner in the telophase/G1-

phase and is re-accumulated in the S-phase, (iii) Dmt associates

with cohesin in a Pds5-dependent manner, and (iv) Dmt is not

essential for cohesion when Wapl is absent. These features

suggest that Dmt establishes cohesion in a similar manner as
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sororin. However, to our surprise, the Pds5-binding domain (CPB)

did not possess any of the previously reported FGF or YSR Pds5-

binding motifs (Nishiyama et al, 2010; Ouyang et al, 2016).

Therefore, we reasoned that rather than amino acid sequence of

CPB per se, the three-dimensional structure would affect Pds5

binding. Nevertheless, Dmt establishes cohesion in a manner simi-

lar to sororin by antagonizing Wapl’s cohesin release activity.

Irrespective of either possibility, cooperative machinery for Dmt

and cohesin to facilitate the cohesion establishment on hete-

rochromatin must exist. This is an open question that requires

further research to address.

Functional relevance of centromeric localization of HP1 to

sister chromatid cohesion may differ among species and/or

developmental stages. In fission yeast meiosis, Swi6/HP1 directly

recruits Sgo1 to centromeres and the Swi6-HP1 interaction is

required for cohesion (Yamagishi et al, 2008). On the other

hand, in human mitosis, requirement of HP1 for Sgo1 targeting

to centromere is controversial (Yamagishi et al, 2008; Perera &

Taylor, 2010; Kang et al, 2011). In Drosophila, HP1 mutants

have been reported to induce recessive telomere fusions in

neuroblast and meiotic cells (Fanti et al, 1998) and chromosome

segregation defects in embryo (Kellum et al, 1995). Our HP1a/b

RNAi in S2 cells exhibited only mild cohesion defect in mitosis

(Appendix Fig S2D), although we cannot rule out the possibility

that HP1a/b knockdown was incomplete. Considering that Dmt

signals on mitotic pericentromeres were reduced in HP1a/b

RNAi-treated cells (Fig 3E and F), HP1-dependent excess accumu-

lation of Dmt on pericentromeric heterochromatin may not be

essential for cohesion protection. However, DmtVEIE mutant failed

to fully restore cohesion (Fig 4A), and this defect was more

severe than in HP1-depleted cells, implying that different Dmt

targeting factors possessing CSD may contribute to cohesion

protection (Fig EV5).

Our study also sheds light on the evolutionary relationship

between the factors of cohesion establishment and protection. We

found that Dmt plays a role in the protection of cohesion in fruit

fly mitosis, in which MEI-S332/Sgo is dispensable. Dmt has several

similar characteristics to MEI-S332/Sgo, namely (i) HP1-dependent

heterochromatin localization in interphase and (ii) an association

with PP2A-B0. Previous cell biology and crystal structure studies

have revealed that the N-terminus of MEI-S332/Sgo forms a coiled-

coil domain, which is required for both dimerization of Sgo and

interaction with PP2A (Kerrebrock et al, 1995; Tang et al, 1998,

2006; Xu et al, 2009). Although we do not know whether the

PP2A-binding domain on Dmt (PPB) forms a coiled-coil, pulldown

experiments demonstrated that Dmt could also form a dimer or

multimer (Appendix Fig S3B). This feature also emphasizes the fact

that Dmt has similar properties to shugoshins and plays a role in

the protection of mitotic cohesion via similar mechanisms. Intrigu-

ingly, MEI-S332 exhibited kinetochore localization during late

prometaphase or metaphase (LeBlanc et al, 1999; Fig EV4B), remi-

niscent of the localization of mammalian Sgo2 (Huang et al, 2007;

Tanno et al, 2010). Although mei-S332 null mutants are fully

viable, precocious sister separation is observed (Kerrebrock et al,

1995; LeBlanc et al, 1999). Taking into account the fact that

mammalian Sgo2 is essential for the protection of meiotic cohesion,

whereas it is auxiliary in mitosis (Lee et al, 2008; Llano et al,

2008), MEI-S332 might be a Sgo2-like factor in fruit flies. From an

evolutionary point of view, one of the simplest example such as

budding yeast possesses only one shugoshin gene, which predomi-

nantly functions during meiosis, whereas more complex examples

such as vertebrates have two shugoshin genes (Sgo1 and Sgo2),

which play distinct roles in meiosis and mitosis. Interestingly,

vertebrates acquired the sororin-dependent establishment activity

as well as mitosis-specific cohesion protection activity by Sgo1.

Sororin-like establishment activity may have co-evolved with Sgo1-

like mitotic cohesion protection activity, and fruit fly Dmt may

reflect an intermediate status, where sororin and Sgo1 are indistin-

guishable as a molecule. A novel function of a sororin ortholog in

the protection of cohesion that we have revealed in the present

study highlights the functional and evolutional relevance of the

establishment of cohesion and protection activities. The elucidation

of how sororin- and shugoshin-dependent cohesion activities

evolved requires further intensive studies for these factors in inver-

tebrate species.

Materials and Methods

Plasmids and dsRNAs

Insect cell expression vectors for D. melanogaster (Dm) Dmt-GFP,

H2B-mCherry, Mis12-mCherry, and mCherry-tubulin were provided

by G. Goshima. Dm PP2A-B’ cDNA was obtained from Drosophila

Genomics Resource Center. Other Drosophila cDNAs were cloned by

PCR from total cDNAs of S2 cells or D. willistoni embryos. Escheri-

chia coli (E. coli) expression vectors for GFP nanobody, mammalian

expression vector for human Sgo1, insect cell expression vector for

Rad21-EGFP (Scc1-GFP in Appendix Fig S1C), and plasmids for

yeast two-hybrid assay were gift from T.L. Orr-Weaver, Y. Watan-

abe, R.A. Oliveira, and T. Kiyomitsu, respectively. dsRNAs used for

S2 RNAi are shown in Appendix Table S1.

Antibodies

Polyclonal rabbit antisera were raised against recombinant Dmt-

N240 protein for immunofluorescence microscopy and Dmt

N-terminus peptide (C-TATRRNPGRPKKQSIGAD), recombinant

DmScc1-N220 protein, DmWapl C-terminus peptide (C-GTTRAPR

VYKTYSSHR), and DmPds5 C-terminus peptide (C-DTTEPMAKR

TRAGAASAKS) for immunoblotting, and affinity-purified. Guinea

pig anti-MEI-S332 antibody and goat anti-mCherry antibody were

gift from T.L. Orr-Weaver and A.A. Hyman, respectively. Anti-GFP

(Clontech, JL-8 for immunoblotting, Abcam, ab290 for immunofluo-

rescence), anti-RFP (Rockland, 600-401-379 for immunofluores-

cence), anti-tubulin (CST, DM1A for immunoblotting and

immunofluorescence), anti-pH3S10 (Millipore, #06-570), anti-

mDsRed (chromoTek, RFP antibody [5F8]), and anti-histone H3

(CST, #9715) were commercially available.

GFP-nanobody pulldown assay

His-FLAG-GFP nanobody was expressed in E. coli SoluBL21 (Gen-

lantis) and purified with His-tag purification resin (Roche). Eluted

proteins were bound to anti-FLAG M2 affinity gel (Sigma-Aldrich)

and utilized for pulldown experiments as follows: GFP-fusion
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protein-expressing S2 cells were washed in PBS and lysed in

CytoBuster reagent (Merck). Supernatant of the cell lysate was

mixed with GFP-nanobody-bound beads for 2 h at 4°C, and bound

fractions were eluted by Laemmli sample buffer and analyzed by

SDS–PAGE and immunoblotting.

Expanded View for this article is available online.
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